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ABSTRACT Non-f8-lactamase-producing, penicillin-resis-
tant strains of Neisseria meningildis produce altered forms of
penicillin-binding protein 2 that have decreased affinity for
penicillin. The sequence of the penicillin-binding protein 2 gene
(penA) from a penicillin-resistant strain of N. meningitidis was
compared to the sequence of the same gene from penicillin-
sensitive strains and from penicillin-sensitive and penicillin-
resistant strains of Neisseria gonorrhoeae. The penA genes from
penicillin-sensitive strains ofN. gonorrhoeae and N. meningitdis
were 98% identical. The gene from the penicillin-resistant strain
ofN. meningitis consisted of regions that were almost identical
to the corresponding regions in the penicillin-sensitive strains
(<0.2% divergence) and two regions that were very different
from them (-22% divergence). The two blocks of altered
sequence have arisen by the replacement of meningococcal
sequences with the corresponding regions from thepenA gene of
Neisseria flavescens and result in an altered form of penicillin-
binding protein 2 that contains 44 amino acid substitutions and
1 amino acid insertion compared to penicillin-binding protein 2
of penicillin-sensitive strains ofN. meningitddis. A similar intro-
duction of part of the penA gene of N. flavescens, or a very
similar commensal Neisseria species, appears to have occurred
independently during the development of altered penA genes in
non-,B-lactamase-producing penicillin-resistant strains of N.
gonorrhoeae.
The nucleotide sequences of the PBP-2 gene (penA) from
two penicillin-sensitive, and three penicillin-resistant, non-
,B-lactamase-producing strains of N. gonorrhoeae have been
compared (11). The penicillin-resistant strains each pos-
sessed altered penA genes that appeared to be derived from
a common ancestral altered penA gene (11, 12). The most
extensively altered penA gene, from strain CDC84-060418,
was almost identical to the penA gene of penicillin-sensitive
gonococci throughout the first two-thirds of the gene. How-
ever, the remainder of the gene was extensively altered in
sequence and Spratt (11, 13) has suggested that this part ofthe
gene has been introduced by transformation from a closely
related species to produce a hybrid penA gene that encodes
an altered form of PBP-2 that has a decreased affinity for
penicillin.
The development ofan altered form ofPBP-2 was probably
the first step in the emergence of non-p-lactamase-producing
penicillin-resistant gonococci (3, 12) and it appears that this
step has now occurred in meningococci. We show here that
the altered penA gene in a penicillin-resistant meningococcus
is a hybrid gene formed by the replacement oftwo parts ofthe
gene with the corresponding regions from the commensal
species Neisseria flavescens.¶ A very similar event appears
to have occurred independently to create the hybrid penA
genes in penicillin-resistant gonococci.
Isolates of Neisseria gonorrhoeae that are resistant to pen-
icillin have been increasingly encountered during the last 20
years (1). Resistance to penicillin in gonococci is due either
to the production of a plasmid-encoded P-lactamase or to
mutations in several chromosomal genes that result in the
production of altered forms of penicillin-binding proteins
(PBPs) 1 and 2 that have decreased affinity for the antibiotic
and in a decrease in the permeability of the outer membrane
(1-3).
Resistance to penicillin has until recently been very rare in
Neisseria meningitidis. However, over the last few years
there have been several reports of penicillin-resistant strains
particularly from Spain, South Africa, and the United King-
dom (4-8). Four strains that have high levels of resistance
due to the production of a P-lactamase have been described
(4, 6, 8), but the majority have only moderate increases in
their minimal inhibitory concentrations (MICs) for benzyl-
penicillin (MICs of 0. 1-1.3 ktg/ml compared to 0.02 ,g/ml for
typical strains) that are not so far associated with treatment
failure (5, 7). Resistance in the latter strains is due, at least in
part, to the production of altered forms of PBP-2§ that have
decreased affinity for the antibiotic (9, 10).
MATERIALS AND METHODS
Bacterial Strains. The penicillin-sensitive N. gonorrhoeae
strain LM306 (MIC of 0.004 jg of benzylpenicillin per ml) and
the penicillin-resistant strain CDC84-060418 (MIC of 1 ,g/ml)
have been described (11). N. meningitidis C311 is a penicillin-
sensitive serogroup B isolate (MIC of 0.02 ,ug/ml), kindly
provided by J. R. Saunders (Liverpool University). Strain
S738 is a serogroup B, non-/3-lactamase-producing penicillin-
resistant isolate ofN. meningitidis (MIC of 1.28 jig/ml isolated
in the United Kingdom in 1978 from a blood culture). The
following Neisseria strains were obtained from the U.K.
National Collection of Type Cultures (Central Public Health
Laboratory, Colindale, London): N. animalis (NCTC10212);
N. canis (NCTC10296); N. caviae (NCTC10293); N. cinerea
(NCTC10294); N. cuniculi (NCTC10297); N. denitrificans
(NCTC10295); N. elongata (NCTC10660); N. elongata subsp.
glycolytica (NCTC11050); N. flavescens (NCTC8263); N.
lactamica (NCTC10617); N. meningitidis group A
Abbreviations: PBP, penicillin-binding protein; PCR, polymerase
chain reaction; MIC, minimal inhibitory concentration.
§In ref. 9 the altered PBP in penicillin-resistant meningococci was
referred to as PBP-3, but as it is clearly the homolog of gonococcal
PBP-2, we propose it should be referred to as PBP-2.
9The sequences reported in this paper have been deposited in the
GenBank data base (accession nos. M26644 and M26645).
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(NCTC10025), group D (NCTC9714), group X (NCTC10790),
group Y (NCTC10791) and group Z (NCTC10792); N. mucosa
subsp. heidelberg (NCTC10777); N. mucosa (NCTC10774);
N. ovis (NCTC11018); N. pharyngis subsp. flavus
(NCTC4590); N. pharyngis subsp. siccus (NCTC4591); N.
polysacchareae (NCTC11858), and Branhamella catarrhalis
(NCTC11020).
Isolation and Sequencing of the penA Gene of Neisseria
Species. Chromosomal DNA was isolated by a lysozyme/
EDTA/Triton X-100 lysis procedure, as described (12), and
was purified on a cesium chloride/ethidium bromide gradi-
ent. N. flavescens could not be lysed using Triton-X-100 and
a modified procedure using 1% sarkosyl was used.
The penA genes of Neisseria species were amplified from
chromosomal DNA using the polymerase chain reaction
(PCR; ref. 14) and oligonucleotide primers based on the
sequence of the penA gene of N. gonorrhoeae, as described
(15). The complete coding region of the penA gene from the
N. meningitidis strains C311 and S738 could be amplified as
a 2.0-kilobase fragment using GC11 (dGCCTGTGTGCCG-
GAATCG), which hybridizes to a region 55 base pairs
upstream of the start of translation of penA, and GCdown3
(dTCGTGAATTCGGGGATATAACTGCGGCCGTC),
which hybridizes 187 base pairs downstream of penA. The
GC11 primer did not hybridize to DNA from N. polysaccha-
reae or N. flavescens and was replaced with GCup2 (dTT-
TGCACACGTCATCGGATTTAC; nucleotides 547-569),
which corresponds to a region that is highly conserved
between the penA gene of N. gonorrhoeae and the homolo-
gous pbpB gene of Escherichia coli. A 1.4-kilobase fragment,
encoding the complete transpeptidase domain of PBP-2, was
amplified from N. polysacchareae and N. flavescens using
GCup2 and GCdown3.
The amplified fragments were cloned in each orientation
into M13mpl8/-mpl9 cut with EcoRI and HincII, and
plaques containing the amplified fragment were detected by
hybridization. The penA gene was sequenced on both strands
using a series of oligonucleotides that prime at intervals along
each strand. The initial set of primers was based on the
gonococcal penA sequence; additional primers were synthe-
sized in those cases where the sequences of particular penA
genes were too different from the gonococcal sequence for
the above primers to anneal. Errors arising from the PCR (14)
were eliminated by sequencing at least two independent M13
templates for each penA gene.
DNA Hybridization. The NCTC strains were inoculated
onto GC agar base plus supplements and, after overnight
incubation at 37°C in a 5% C02/95% air atmosphere, the
bacterial growth was lifted onto nitrocellulose filters. Hy-
bridization with 32P-labeled probes was performed by stan-
dard techniques using stringent conditions (16). One probe
was a 235-base-pair region of the penA gene of the penicillin-
resistant meningococcal strain S738. The fragment was am-
plified by PCR from chromosomal DNA by using the primers
GC2 (dCGCACGACGGCGTTTTGC; nucleotides 1343-
1360) and MN2 (dGTACCGACGTGTlTTGTTGTC; nucleo-
tides 1577-1558). The fragment was purified on an 8% poly-
acrylamide gel and was oligolabeled with [32P]dCTP. The
second probe was the 32P-end-labeled oligonucleotide GC20
(dAATGGCCGCTATGTGGAC; nucleotides 1543-1560
from the penA gene of strain S738).
RESULTS
Sequences of the penA Genes of Penicillin-Sensitive Isolates
of N. gonorrhoeae and N. meningitidis. The sequences of the
penA genes from two penicillin-sensitive strains of N. gon-
orrhoeae have been reported (11). These sequences and those
of two further penicillin-sensitive strains (unpublished data)
were almost identical and differed from the sequence of strain
LM306 (Fig. 1, line a) at a maximum of three sites. Similarly,
the sequences of the penA gene from three penicillin-
sensitive strains of N. meningitidis (serogroup B and C
strains) were almost identical and differed from the sequence
of strain C311 (Fig. 1, line c) at a maximum of four sites. N.
gonorrhoeae and N. meningitidis are known to be very
closely related species and, as expected, the sequences of
their penA genes differed at only 37 of 1800 sites (98%
identity), resulting in eight alterations in the amino acid
sequence of PBP-2.
Sequence of thepenA Gene of a Penicillin-Resistant Isolate of
N. meningitidis. The complete coding region of the penA gene
from the penicillin-resistant meningococcal strain S738 (MIC
of 1.28 tug of benzylpenicillin per ml) was amplified by PCR
and sequenced. The penA gene of strain S738 consisted of
blocks of sequence that were almost identical to those of the
corresponding regions from penicillin-sensitive meningo-
cocci and blocks of sequence that differed considerably from
those in the penicillin-sensitive strains (Fig. 1, compare lines
c and d). Thus, nucleotides 1-894 and 1195-1358 of the penA
gene of the penicillin-resistant strain S738 and the penicillin-
sensitive strain C311 differed at only one site (0.1% diver-
gence), whereas nucleotides 895-1194 and 1359-1800 dif-
fered at 69 and 97 sites, respectively, between the two strains
(23% and 22% divergence). PBP-2 encoded by the penA gene
of strain S738 differed by 44 amino acid substitutions and 1
amino acid insertion compared to PBP-2 of strain C311.
Chromosomal DNA of strain S738 was used to transform
the penicillin-sensitive strain C311 to an increased level of
penicillin resistance. All of the 10 penicillin-resistant trans-
formants that we examined received the altered penA gene
from strain S738, as they hybridized under stringent condi-
tions to the oligonucleotide GC20, which corresponds to a
region where the penA gene of strain S738 differs extensively
from the corresponding region in strain C311. The altered
form of PBP-2 encoded by the penA gene of strain S738 can,
therefore, provide a penicillin-sensitive meningococcus with
increased resistance to penicillin.
Comparison of the Altered penA Genes from Penicillin-
Resistant Strains of N. gonorrhoeae and N. meningitidis. The
sequence of the penA gene from the penicillin-resistant
gonococcal strain CDC84-060418 is shown in Fig. 1, line b.
This gene differs from the penA gene of penicillin-sensitive
gonococci by the extra Asp-345a codon and by a block of
altered sequence from nucleotides 1524 to 1800 (11). One of
the two blocks of altered sequence in the penA gene of N.
meningitidis S738 overlapped with the altered block of N.
gonorrhoeae CDC84-060418. In this overlap region (nucleo-
tides 1524-1800), the altered blocks were strikingly similar
(Fig. 1, lines b and d); 31 of the 40 nucleotide substitutions in
the altered block of strain CDC84-060418 were also found in
the penA gene of strain S738. However, the divergence of the
altered block in CDC84-060418 was only 14%, compared to
the divergence of 23% found in the altered blocks of strain
S738. Consequently, many of the nucleotide differences
found in strain S738 were not found in the altered block from
strain CDC84-060418 (Fig. 1).
A schematic representation ofthe penA genes of penicillin-
sensitive and penicillin-resistant meningococci and gono-
cocci is shown in Fig. 2.
Origin of the Altered Blocks in the penA Gene of Penicillin-
Resistant Gonococci and Meningococci. The altered blocks in
the penA genes of penicillin-resistant strains of N. gonor-
rhoeae and N. meningitidis are believed to have been intro-
duced by the uptake and integration of homologous DNA
from a closely related species (see Discussion). We therefore
obtained a collection of Neisseria strains that included an
example of each species represented in the UK National
Collection of Type Cultures and used two DNA probes
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1 20
MetLeulleLysSerGiuTyrLysProArgMetLeuProLysGiuGluolnValLysLysProMetmhrSerAsnGlyArgl leSerPheValLeu
a GGTAATAGGATAATTGTAAGGAAAGCCGTCGCAAAGGAGCAAGCAGCATAGAGATGTCTCG120
40 60
MetAiaMetAiaVaiLeuPheAlaCysLeullieAiaArgGlyLeuTyrLeuGlnThrVaiThrTyrAsnPheLeuLysoiuGlnGlyAspAsnArgl ieValArgThrGlnAlaLeuPro
a ATGATGGTTGTGCGCGTGCGGGTTTTCGCGACTTATTTAAACGGGCACGTGGGATAGATCG240b
-
Ile Gly Thr
c
-----A---------G------T---A------------------------------------A-----
Ile Gly Thr
d -----A---------G--------A-------------------------------------A-----
80 100
a GCAAGGTCGTCGCGACGGGTTGCTGGGGCAGATCTTTCGGCAAAAGAGATCGCGCCCATGA360b
-
Glu
Glud--------------------------T------------------G-------------A-----
120 140
ArgLeuSerGliuLeuValAspVaiProVaiAspValLeuArgAsnLysLeuGi uGInLysGlyLysSerPhelIleTrpI leLysArgOGInLeuAspProLysValAiaG luGiuValLys
a CGCGCGGTGCAGGCGCAGTTAGAAATGAAAAGAGCTTTTGTAGGCGTGTCAGTGCAGGTAA480
160 180AiaLeuGlyLeuGiuAsnPheValPheGluLysGIuLeuLysArgHi sTyrProMetGiyAsnLeuPheAiaHisVallIleGliyPheThrAspl leAspGlyLysGlyG lnGluGlyLeu
a GCTGGTGAACTGATGAAGATAAGCTACGTGCACGTGAAGCTGATACAATAGCAGTAGAGTG600
Asn
e ///////////////////-A----C.C---
200 220
a GACTCCTAGCGCGAGCAGCGGGAGTTTGGGCGCGGATTGGAACTGCCCGGATAGACCAAGC720
Hisa Lya
C -------------C-----------C
-------------------------------C---A-----
Hisa Lysd -------------C-----------C
-------------------------------C---A-----
A rg Arg Lys AsnLys SerVal Lya
e
- -G---C-G1-F-------CGC--T--G--T--T---A----C--A--A--C--TAATA-A-----C--A----C-C--T--T--A----C-GC-TG--TA-----
240 260
Gin Met Asp Ala Lys Ala Gin
a C-----G--TT-G--TT-G----C-T----A--GC----T---C--------T--G-CT--T--CA-A--C----G--TG----T----A-----G-AA--C
280 300*
C------------------------ -G------------------------------ C-------
Trp Metd------------------------ -G----T-----------C-----C----------T----C--C--T--C--G
Vai Ser Gin Gin Asn Met
e --C--G--TT-G--T----T---C-GC--G--T
------G--TCAG-----AA--CA-T------C-----C-------C----------T--C--G
320 340
LysProPheVal IleAlaLysAlaLeuAspAlaGlyLysThrAspLeuAsnGluArgLeuAsnThrGlnProTyrLysl ieGlyProSerProValArg AspThrHisValTyrPro
a AACCGTTCGTGATTGCGAAGGCATTGGATGCGGGCAAACCGATTTGAACGAAGGTGATACGCAGCCTTATAAATCGGACCGTCTCCCGTGCGC... GATACCCATGTTTACCCC 1080
Aspb------------------------------------------------- -GAC----------
Thr Ser Val AlaThrAspThrPhe Leu AlaThr Gind --G----TACC----C--A------T-C----GTG---GCA-C---TACAT-C----C-T-----C-----T---G--A----A-AA.-------C---T--TThr Ser Val ProThrAspThrPhe Leu AlaThr Gin
e
--G---TACC---C--A------T-A----GTG---CCA-CA--CACAT-C----C-T
-----C-----T---G--A----A-AA.-------C----T--T360 380
a CTGAGGGGCTAGAAACTCAGCGAAGAATTTGGGTCGGCAGATTTATCACTATGGACGGGG 1200
C -----------C--------------------------T-----------------G----------Thr Met ThrProLya Aap Vald A--------------A----T-------T--C--T----T---CATG--TACGC-TA-------C--T-----C--T--A--TG-G--C----
Thr Met ThrProLys Asp Val
e A--------------A----T-------T--C--T----T----CATG--TACGC-TA
-------C--T-----C--T--A--TG-G--C ----C400 420
MetHisSerGlyPheProGlyGluThrAlaGlyLeuLeuArgAsnTrpArgArgTrpArgProl ieGluGlnAiaThrMetSerPheGlyTyrGlyLeuGlnLeuSerLeuLeuGlnLeu
*aTGATGGTTCGGAATCGTTTGGATGCCGTGGCCTGAAGGCAGCTCGTCGCGATGGCGTCAT 1320
Ser GlnLys
e----T--A-----C--C--G-----------GC
-----A----AAAAAA-------A--C--------T--C-----A----T-----
440 460
a CCCCTTCGATAGAGCGGTTCGCCCGTTAAGCGCGTCCGAGCACCTTCAGACACCCCAGAG 1440
Val
C
--------------------A----G------A--A-------------------------------
Val Lys Valule Ala LysLysd------------------------ G------A--A--A-------TA
----
G---G-CA----CC--T--T--AAAAA-A--G---
Val Glu Vai Valule Ala LysLys
e
--A--T-----T-TCT----C---T-----AA
---T----G------A--A--A--A----C--TA-------G-CA----CC--T--T--AAAAA-A--G--T
480 500
*aATTAGTTCTACACGGGCCGTCGGGGGTGCGTCAGCGGTAACGAGCCCATCTACGCTAGCA 1560
Leu Valb----------------------------------------- -T-------AC-G---T-CC---G--
Giu Ala Leu Vald G-GT--------T--T--AG-C
---T-----T--A---T----T-----C--A--T--G-----T-------AC-A
---T-CC---G--Glu Ala Ile Leu Val
e G-GT--------T--T--AG-C-----T-----TT--C------A---T------ --C---A--T--G-----T------T--AC-G--T--T--C--C----TG---
520 540
AsnLysHisValAlaThrPheIleGlyPheAlaProAlaLysAsnProArgVal IleValAlaValThrIleAspGluProThrAliaHisGlyTyrTyrGlyGlyValValAlaGlyPro
a AACAAACACGTCGCTACCTATCGGTTTTGCCCCCGCCAAAAACCCCCGTGTGATTGTGGCGGTAACCATCGACGAACCGACTGCCCACGGCTATTACGGCGGCGTAGTGGCAGGGCCG 1680Gly Asnb -G----G--- ------------T--G- -T----T--A--C -----------C--T-----------G--------AA----T--C--------------------T---
Ile
c ----_____A---------------------------------------------T-------T---------------------------Gly Asn Vald G---G-------- T--G--T
----
T--A--C----------C--T
---------
-G---------A-------------------G---T-TC--T--C
Gly Asn
e -------------G---G--------------T--G ---T--A--C--------f--C--T--------------------A-------------------
FIG. 1. (Figure continues on the opposite page.)
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ProPheLysLysIleMetGlyGlySerLeuAsnIleLeuGlylleSerProThrLysProLeuThr AlaAlaAlaValLysThrProSer
a CCCTTCAAAAAAATTATGGGCGGCAGCCTGAACATCTTGGGCATTTCCCCGACCAAGCCACTGACC ... GCCGCAGCCGTCAAAACACCGTCTTAATCCGAGT .ATCAACGAGA. . TTGT 1800
Val GlnVal Val AsnVal
b GT-------C--G-C -----------------G-------------A--TT-----AAT-TT------------------------------------------ A-
Val GluVal Ser Val SerAsnThr Thr Val
d GTA------G--G-C---A----A---T--------------G--------------- TT---GTAATA----TA-T------GT------A------A-ACA-----A----TA----
Val GluVal Ser Val SerAsnThr Thr Val
e GTA------G--G-C---A----A---T--------------G----------------TT-A-GTAATA----TA-T------GT------A------A-ACA-----A----TA----
FIG. 1. Nucleotide sequences of the penA genes of Neisseria strains. The sequence of the penA gene of the penicillin-sensitive N.
gonorrhoeae strain LM306 is shown in full in line a. Positions where the sequences of the penA genes of the other Neisseria isolates differ from
those in line a are indicated. Lines: b, penicillin-resistant N. gonorrhoeae strain CDC84-060418; c, penicillin-sensitive N. meningitidis strain
C311; d, penicillin-resistant N. meningitidis strain S738; e, N.flavescens NCTC8263. /////, position of the PCR primer GCup2; .... positions
where there are deletions/insertions of nucleotides between the penA genes; *, active-site serine residue.
corresponding to parts of the altered blocks to identify the
species that donated these regions.
Both ofthe probes hybridized under stringent conditions to
the same two strains, N. flavescens (NCTC8263) and N.
polysacchareae (NCTC11858). The region of the penA genes
encoding the transpeptidase domain of N. polysacchareae
and N. flavescens were amplified by PCR, cloned into M13
phage, and sequenced.
The sequence of the penA gene ofN.flavescens was -77%
similar to that of penicillin-sensitive strains of N. gonor-
rhoeae and N. meningitidis. The sequences of the altered
blocks in the meningococcal strain S738 were 97% identical
to the sequences in the corresponding parts of the penA gene
of N. flavescens (Fig. 1, line e); 152 of the 166 differences
found in the altered blocks in strain S738 were present in the
penA gene of N. flavescens NCTC8263.
The penA gene from N. polysacchareae was -91% similar
to that of N. gonorrhoeae and N. meningitidis and contained
a region (nucleotides 1512-1695) that was sufficiently similar
to the corresponding region in penicillin-resistant gonococci
and meningococci to hybridize to the probes (data not
shown).
DISCUSSION
Altered Blocks in thepenA Genes of Resistant Gonococci and
Meningococci Have Arisen by Recombination. The penA gene
of the penicillin-resistant meningococcal strain S738 consists
of regions that are almost identical to those in penicillin-
A -------------------------______ ----
so
Ser
14%
B --------------------------- _
Ser
C ----__________-
Ser
23% 22%
D---- ------------_
Ser
1 200 400 600 800 1000 1200 1400 1600 1800
base pairs
FIG. 2. penA genes of the Neisseria strains. The penA genes of
the penicillin-sensitive N. gonorrhoeae strain LM306 (A) and N.
meningitidis strain C311 (C) are represented by the dashed lines. The
extent of the coding region for PBP-2 is shown by the lines termi-
nating in an arrowhead. The dashed lines and solid blocks in the
representations of the penA genes of the penicillin-resistant N.
gonorrhoeae strain CDC84-060418 (B) and N. meningitidis strain
S738 (D) indicate, respectively, regions where their sequences are
almost identical to or extensively diverged from the corresponding
regions of the penicillin-sensitive strains. The figures above the solid
blocks show the percentage sequence divergence in those blocks
compared to the corresponding regions of the penicillin-sensitive
strains. The position of the active-site serine residue is marked.
sensitive meningococci, alternating with blocks of sequence
that are -22% different in sequence. The most feasible
explanation for the data is that these regions of the menin-
gococcal penA gene have been replaced, by genetic trans-
formation, with the homologous regions from the penA gene
of a source that shows -78% nucleotide sequence similarity
with N. meningitidis. The two blocks of altered sequence
may have arisen either from the incorporation into the
meningococcal genome of only parts of the DNA taken up
during the initial transformation event or, alternatively, by
the incorporation of a continuous block from nucleotide 895
to some position downstream of nucleotide 1800, which has
subsequently been interrupted by a secondary transforma-
tion event that has replaced the region from nucleotides 1195
to 1358 with meningococcal DNA.
A similar situation is found in the penA gene of the
penicillin-resistant gonococcal strain CDC84-060418 where
the sequence from nucleotides 1 to 1523 was almost identical
to that of the penA gene of penicillin-sensitive strains.
Similarly, the sequence of a region -1.7 kilobases down-
stream of penA was also almost identical between CDC84-
060418 and penicillin-sensitive gonococci (unpublished data).
However, from nucleotides 1524 to 1800 the sequence of the
penA gene of strain CDC84-060418 diverged by -14% from
that of penicillin-sensitive strains (11). As in the case of the
penicillin-resistant meningococcus, the most likely explana-
tion for the island of altered sequence is that a part of the
penA gene of a related species has been introduced by
transformation and has replaced the corresponding region of
the gonococcal penA gene (11).
The altered blocks found in the penA genes of the penicil-
lin-resistant gonococcus and the penicillin-resistant menin-
gococcus were strikingly similar and appear to have been
introduced into these species from a similar source, as
discussed below.
Altered Blocks in Gonococcal and Meningococcal penA
Genes Have Been Introduced from Commensal Neisseria Spe-
cies. DNA probes corresponding to parts of the altered blocks
in the penA genes of strains S738 and CDC84-060418 iden-
tified two commensal Neisseria species as possible sources of
these blocks. One of the species, N. polysacchareae, pos-
sessed apenA gene that showed some similarity to the altered
blocks in both the penicillin-resistant meningococci and
gonococci but was not sufficiently like them to be the donor
species. The other species, N. flavescens, was almost cer-
tainly the source of the altered blocks in the penA gene of the
penicillin-resistant meningococcal strain S738. The se-
quences of the altered blocks in strain S738 were almost
identical to the corresponding regions in the penA gene of N.
flavescens. Furthermore, as expected of the donor species,
the entire 1.4-kilobase region of the penA gene of N. fla-
vescens NCTC8263 that we sequenced showed the same level
of divergence as found in the altered blocks of strain S738
(-23%).
N. flavescens NCTC8263 was isolated in 1928 as one of a
cluster of strains causing an outbreak of meningitis in Chi-
cago that were distinguished from previously described Neis-
seria species on the basis of pigment production and bio-
Microbiology: Spratt et al.
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chemical and serological criteria (17). Although N.flavescens
was first isolated from cerebrospinal fluid, it is generally
regarded as a commensal Neisseria species whose natural
habitat, like that of N. meningitidis, is the nasopharynx.
The sequence of the altered block in the gonococcal strain
CDC84-060418 was also similar to that of the corresponding
region from N. flavescens. Although 31 of the 40 alterations
in the altered block of CDC84-060418 were also found in the
penA gene of N. flavescens, there were many additional
nucleotide differences in the latter that were not found in the
altered block. Since penicillin-resistant gonococci emerged
several years before penicillin-resistant meningococci, it is
possible that a hybrid penA gene arose first in gonococci and
was subsequently transferred by transformation into menin-
gococci. However, we think this is very unlikely as the
altered blocks in the penA gene of the meningococcal strain
S738 were more extensive and more diverged than those
found in any of the penicillin-resistant gonococci we have
examined (ref. 11 and unpublished results).
A more likely possibility is that part of the penA gene of N.
flavescens was introduced very recently into meningococci,
whereas a similar independent introduction into gonococci
occurred several years earlier, and some of the differences
between the introduced N. flavescens sequences and the N.
gonorrhoeae penA gene have subsequently been eliminated
by mismatch repair processes as the altered penA gene
spread by transformation into other gonococci. An equally
plausible alternative possibility is that the divergence in the
altered block of CDC84-060418 has not been reduced by
mismatch repair processes since its introduction and that the
source of the altered block in gonococci was an unidentified
Neisseria species that was similar to N. flavescens but about
14% diverged from N. gonorrhoeae.
Mechanism of Reduction in Affinity of PBPs for Penicillin.
The formation of hybrid PBP genes by the replacement of
part of the resident gene with the homologous region from a
related species has now been documented in N. gonorrhoeae,
N. meningitidis, and Streptococcus pneumoniae (11, 18). It
is, however, unclear how this process generates PBPs with
decreased affinity for penicillin. All of these species are
naturally transformable and can therefore incorporate, albeit
at very low frequency, DNA from related species as long as
there is sufficient sequence similarity for homologous recom-
bination to occur. If we choose a figure of 70% similarity as
the limit at which interspecies transformation can occur, a
transformable species could recruit PBP genes from a con-
siderable number of other species. Species that differ by 70%
in nucleotide sequence will produce forms of the same PBP
that differ by perhaps 15% in amino acid sequence, and this
variation in the sequence of the PBP will inevitably result in
differences in kinetic parameters, including the affinities for
benzylpenicillin.
Under the intense selective pressures of penicillin therapy,
a species that produces a PBP with high affinity for penicillin
can become more resistant to penicillin by recruiting the
homologous PBP gene from any related species that produces
a lower affinity form of the enzyme. Apparently in the three
transformable species we have studied this event is more
significant in nature than the accumulation of mutations that
gradually reduce the affinity of the PBP for penicillin (19),
although the latter process probably also contributes to the
further reduction in the affinity of PBPs as a consequence of
continued selective pressures for increasing penicillin resis-
tance.
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